Purpose Failures in total shoulder replacements are often due to aseptic loosening of the glenoid component; the subchondral bone plate is an important factor governing primary fixation of implant materials. Therefore, we investigated characteristic mineralisation patterns of the subchondral bone plate, which demonstrate long-term stress on articular surfaces, age-related changes, postsurgical biomechanical situations and regions of fixation. Using computed tomography osteo-absorptiometry (CT-OAM), these distribution patterns can be demonstrated in vivo. The aim of this study was to investigate the relationship between subchondral bone-plate mineralisation measured with CT-OAM and the mechanical strength measured by indentation. Methods A total of 32 cadaverous glenoid cavities were evaluated by CT-OAM and indentation testing. Linear regression was used to compare mineralisation and strength of the subchondral bone plate.
Introduction
Subchondral bone quality is an important factor regarding total shoulder joint replacement outcome. Specific mineralisation distribution patterns of the subchondral bone plate represent loading history of a joint [11] . Schulz et al. [18] showed that localisation of density maxima is usually bicentric in the glenoid cavity. However, the interrelationship between bone density and mechanical strength has not yet been satisfactorily investigated in the subchondral bone plate [10] . Using the noninvasive computed tomography osteo-absorptiometry (CT-OAM) to assess individual longterm stress in vivo, correlations between subchondral bone strength and radiological density could be established, thus providing information about mechanical quality [11] .
Fixation of orthopaedic endoprostheses, mainly the glenoid part, is still a challenge in shoulder arthroplasty. The rate of complications is high. Joint instability and glenoid loosening are among the most common postoperative complications [19, 22] , which are caused by eccentric loading of the glenoid and a decentered humeral head [6, 25] . Preoperative detection of humeral-head decentring is clinically important, because a subluxation tendency exists preoperatively [6, 7, 24] . Cases identified early and repaired operatively improve postoperative outcomes [4, 24] . Information about subchondral bone density might also be informative if resurfacing is necessary in order to allow optimal prosthesis fixation. The importance of subchondral bone for optimal screw positioning has been emphasised by several authors [8] .
Characteristic mineralisation patterns of the subchondral bone plate reflect long-term stress on articular surfaces [11] . Some authors demonstrated that age [14] and geometry of the articular surface are important for subchondral bone mineralisation [14, 21] . CT-OAM provides information regarding mineralisation distribution in the subchondral bone plate [11] . In contrast to the usual methods of CT densitometry, which permit calculation of absolute values for bone density over a large area, including compact and spongy bone, CT-OAM demonstrates differences in relative concentration within a joint surface [15] . If there are high correlations between these parameters, predictions concerning bone quality can be made with this method.
As far as we know, correlation between subchondral mineralisation and mechanical strength of the glenoid cavity has not been studied. Results from such study could help the development of new fixation methods in shoulder arthroplasty. We hypothesised that there is an interrelation between mineral density distribution patterns and strength of the same anatomical specimen. The aim of the study was to determine whether a correlation exists between bone density and mechanical strength of the glenoid cavity. We therefore compared CT-OAM results with those of indentation testing.
Material and methods

Preparation
Twenty-one glenohumeral joints were obtained from the cadaver-dissecting course at the University of Basel. Patient age distribution was 59-95 years (eight male, 12 female, one unknown gender) with an average age of 80.5 years (Table 1) . Additionally, we included 11 specimens from the Anatomical Institute of Ludwig Maximilian University in Munich. Gender and age of these specimens were unknown. Glenohumeral joints with signs of degeneration or traumatic findings were excluded from our study.
Computed tomography osteo-absorptiometry
To demonstrate mineralisation, CT data sets were recorded in a GE Lightspeed 16 X-ray CT scanner (General Electric Healthcare Corporation,Waukesha, WI, USA) [11] [12] [13] . Axial section thickness was set to 0.6 mm, and data were evaluated using the image analysing system ANALYZE 7.5.5. (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN, USA) to visualise mineralisation distribution. First, a 3D reconstruction of the cavity was calculated so that a frontal view on the joint surface was achieved. Then, the subchondral bone plate was segmented in each slice and reconstructed in 3D using maximum intensity projection (MIP). To illustrate density distribution, grey values of the subchondral bone plate were converted to false colours (Fig. 1a) . Overlaying the cavity with the false colour figure resulted in a topographical view of mineralisation patterns. To quantify distribution patterns, a 21×30 U grid was projected onto the densitogram of each cavity. The grid was positioned in tangential contact so that its borders matched the borders of the glenoid face. The number of units was maintained to standardise coordinates for larger and smaller glenoid cavities. Coordinates of each mineralisation maximum were noted in order to generate a summary chart.
Indentation testing
The position of the glenoid cavity is important for reproducible indentation testing. The glenoid cavities were measured and divided into a standardised grid. There were 16 measuring points tagged on each cavity, and the interval between points was 7-10 mm (Fig. 1b) . The cavity was cemented into a small plastic box with polymethyl-methacrylate and rotated so that the needle bored through the articular surface perpendicular to the surface. A mechanical test machine (Synergie 100, MTS Systems, Eden Prairie, MN, USA) was used for all indentation measurements. The steel needle indented a standardised hole 7 mm deep and a surface diameter 1.3 mm. The vertical speed of the needle was set to 1 mm/s. According to Aitken et al. [1] and Saitoh et al. [17] , we recorded the maximum force (in Newton) required. These values were registered into a standardised grid system.
Density-strength correlation
To compare density with strength, we determined density values for each corresponding stiffness measurement point using the image analysing system. The grid and the surface measured (5.47 mm 2 ) were the same as for indentation testing.
Statistical analysis
Measured data were examined by linear regression for statistical evaluation. The Pearson product-moment correlation coefficient and determination coefficient were estab-lished for all measured specimens. Using the t test, we proved that a significant correlation between manifestations of the sample characteristics exists (n=16).
Results
Patterns of density distribution
CT data sets revealed that mineralisation of the subchondral bone plate is not homogeneous. This means that there are surfaces with lower and higher density values. We found two dissimilar mineralisation patterns: 28 cavities could be attributed to a bicentric distribution pattern; only four cavities showed a monocentric maximum (Fig. 2a) . The most frequent maximum values of bicentric distribution were detected in squares 4 and 6, anterior and posterior, respectively. Monocentric cavity maximum is shown in squares 3 and 6, anterior (Fig. 2b) . Density maxima showed an interindividual range between 680 and 1,010 HU. We found no statistically significant difference in the average age between bicentric and monocentric glenoid cavities. Mean age of the bicentric glenoid cavities was from 79-year-old specimens; the monocentric glenoid cavities were from specimens 87 years old on average.
Strength distribution
Similar to density distribution, strength was not homogenous. Again, strength maxima were located frequently at anterior and posterior (bicentric) areas of the articular surface and only rarely at the anterior part. Bicentric strength maxima were concentrated in squares 4 and 6 and monocentric in squares 5 and 6 (Fig. 3) . We recorded interindividual differences between absolute density values and measured peak forces between 50 N and 1,079 N necessary to indent a hole of 7 mm.
Density-strength correlation A graphic view of mineralisation and strength distribution demonstrated a similar aspect in all specimens (Fig. 4) . By   Fig. 1 was between 0.39 and 0.91. For a confidence interval (CI) of 98%, the information was statistically significant (Fig. 5) . 
Discussion
As initially mentioned, joint instability and glenoid loosening are among the most common postoperative complications, often caused by eccentric loading of the glenoid due to a malcentred humeral head [19, 22] . This emphasises the importance of preoperative identification of such cases to allow these problems to be corrected intraoperatively and thus prevent postoperative complications. The subchondral bone plate is also an important factor governing orthopaedic endoprostheses implantation. It is therefore of utmost importance to set the endoprosthesis at areas of high strength. Some authors report the effect of bone quality on shoulder arthroplasty outcomes and note that poor bone quality is an important factor in glenoid loosening [16] . Ding et al. [5] showed by micro-CT that decreased mechanical properties of subchondral cancellous bone in osteoarthritis indicate poor bone quality. Quantification of subchondral bone-plate mineralisation based on conventional CT data, which may be used as a marker for long-term stress distribution [3, 11] , could help in preoperative identification. CT-OAM is a reproducible and highly sensitive method for determining subchondral bone mineralisation [11, 12] . In contrast to the usual methods of CT densitometry, which deal with the calculation of an absolute value for bone density, CT-OAM demonstrates differences in relative concentration within a joint surface [11] .
As we used formalin-fixed cadaveric specimens, it is important to determine whether fixing in formalin affects mineralisation and strength. Previous studies noted that formalin-fixed specimens showed no statistically significant differences in strength and bone mineral density compared to fresh specimens [2, 23] . Our examinations of the subchondral articular surfaces showed that regional differences in distribution of density and strength in each specimen, including the position of maxima and the extension of density areas, do exist. Individual diversity of exposure at work, sports or daily routine have an influence on long-term stress in the human shoulder. This stress factor is expressed in densitogram mineralisation patterns [15] .
Density distribution within the glenoid cavity was nonhomogeneous, as expected. Based on physiological incongruity of the joint partners, mineralisation distribution and strength demonstrate that load is not divided equally across the cavity [21] . Despite the nonhomogeneity, we detected a distribution regularity. Our summary charts, calculated from maximum density and strength values, demonstrate this. Analyses of density maxima most frequently revealed a bicentric distribution, with opposing maxima located close to the anterior and posterior glenoid rim due to the physiological mismatch in the human shoulder joint. Physiological incongruity of the shoulder joint is a principle to prevent osteoarthritis [1, 11, 18] . Soslowsky et al. [20] described the importance of the articular cartilage for glenohumeral congruity. Consecutive swelling of the articular cartilage after periods of high loading increases incongruity and stimulates the cartilage to remain healthy. Furthermore, the humeral head shows tendencies towards a bigger ball radius than the respective socket, which emphasises this concept of physiological mismatch [20] . Only in four of 32 cavities did we find a monocentric distribution pattern. These results can be explained by a loss of incongruity with increasing age [14] . Preponderance of several muscles of the rotator cuff during internal rotation could also explain the less frequent patterns of distribution [18] . In these situations, the humeral head is ventrally decentred and the posterior contact area no longer exists. The glenoid contact area shifts towards the central and anterior parts of the articular surface, which leads to anterior maxima in mineralisation distribution. Stress on the articular surfaces caused by load distribution was evidently highest in these areas [13, 15] .
Examinations of strength values are in accordance with the results of the density values. This means that bicentric patterns with anterior and posterior maxima and monocentric patterns with anterior maxima could also be detected in strength summary charts. The force needed to penetrate zones of high density was significantly higher than in zones with low density. Our observations showed that long-term stress on the glenoid cavity is responsible for the nonhomogeneous mineralisation distribution in the subchondral bone plate and an increase of density in these areas. Statistical evaluation demonstrated that areas of highdensity values in the densitograms correspond to values measured during indentation testing. Low-density values relate to low strength values, as well. We believe that longterm stress leads not only to characteristic subchondral mineralisation patterns but also to an increased amount of absolute density in these areas. Our results reveal that CT-OAM can provide information regarding subchondral bone Fig. 5 Correlation between strength and density on one glenoid cavity strength, an important factor in the implantation of orthopaedic prostheses. Therefore, the best mechanical quality for implant is obtained in the anterior and posterior areas close to the glenoid rim.
Conclusions
Mineralisation distribution and bone density in the subchondral bone plate provides information regarding long-term stress in diarthrodial joints [12] . We demonstrated that density and strength within the articular surface of the glenoid cavity correlate statistically significantly (P<0.02). As long-term stress affects not only the subchondral bone but also the subarticular cancellous bone [9] , we assume that subchondral bone-plate mineralisation patterns continue in cancellous bone. From a clinical point of view, knowing details about the subchondral bone plate might be interesting regarding implantation of more durable and adjustable orthopaedic endoprostheses in resurfacing. Several authors emphasise the importance of subchondral bone for optimal screw positioning [8] . Therefore, areas of high density could serve to influence the development of new fixation methods in shoulder arthroplasty.
